The growth of wireless communications in recent years has made it necessary to develop compact, lightweight multiband antennas. Compact antennas can achieve the same performance as large antennas do with low price and with greater system integration. Dualfrequency microstrip antennas for transmission and reception represent promising approach for doubling the system capacity. In this work, a miniaturized dual band antenna operable at 2.45 and 5.8 GHz is constructed by modifying the standard microstrip patch antenna geometry into a fractal structure. In addition to miniaturization and dual band nature, the proposed antenna also removes unwanted harmonics without the use of additional filter component. Using a finite-element-method-based high frequency structure simulator (HFSS), the antenna is designed and its performance in terms of return loss, impedance matching, radiation pattern, and voltage standing wave ratio (VSWR) is demonstrated. Simulation results are shown to be in close agreement with performance measurements from an actual antenna fabricated on an FR4 substrate. The proposed antenna can be integrated with a rectifier circuit to develop a compact rectenna that can harvest RF energy in both of these frequency bands at a reduction in size of 25.98% relative to a conventional rectangular patch antenna.
Introduction
In recent decades, energy harvesting from external sources such as solar radiation, thermal energy, wind, and radio frequency (RF) emissions has emerged as a promising source of environmentally friendly energy that can provide an alternative to existing resources. As energy harvesting generally uses inexhaustible sources, it can in many cases provide unlimited energy for the lifespan of an electronic device. Rectennas can be used to convert wireless RF power into utilizable DC power. Typically, the antenna and rectifier circuits in a rectenna are designed separately, with the antenna designed first using electromagnetic (EM) simulation and its parameters and then incorporated into a nonlinear circuit simulation tool used to design the rectifier. While miniaturization of a rectenna application requires that the size of its antenna be reduced as much as possible, a multiband structure that can harvest RF energy at more than one frequency would improve the energy harvesting functionality. Correspondingly, this work focuses on the design of a compact antenna for a miniaturized rectenna that can operate at two frequencies. As it uses a single wireless transceiver to support multiband operation, this multiband reduced-size antenna occupies less space, which in turn expands mobility options and simplifies installation.
Microstrip patch antennas (MPAs) are gaining popularity for use in rectenna applications owing to their advantages in terms of simplicity, lightweight, low manufacturing cost, and ability to easily integrate into feed networks. In addition, antenna patch shapes and modes can be easily chosen to match resonant frequency, polarization, signal pattern, and impedance. Several design variants exist for fabricating smallsized multiband patch antennas that can be used for RF energy harvesting [1] .
Recently, the use of fractal geometry has been proposed as a method for miniaturizing standard multiband antenna architectures. Fractals are the class of geometrical shapes composed of multiple iterations of a single elementary shape [2] , and their application can be found in various fields, including image compression algorithms, weather prediction, integrated circuits, filter design, and, most relevant to this work, fractal electrodynamics, in which fractal geometry is combined with electromagnetic theory in order to explore new classes of radiation, propagation, and scattering problems. Antenna theory and design have become one of the most promising areas of fractal electrodynamics research, and fractal antennas, which have been developed over the past 20 years, have proven to be the biggest fundamental breakthrough in antenna technology of the last half century.
A fractal element antenna is shaped using recursive nature of fractal geometry. Fractal antenna can produce fractal versions of all existing antenna types, including dipole, monopole, patch, conformal, spiral, and helical, as well as compact variants of each, possible through fractal technology. Fractal patch antennas can be designed in a number of shapes, including Sierpinski gaskets [3] , Sierpinski carpets [4] , Minkowski loops [5] , and Koch Islands [6] . In terms of antenna design, the fractal characteristics of selfsimilarity/self-affinity and space-filling are of particular interest; the self-similarity and self-affinity properties of a fractal can be relatively understood as copies of the entire structure within the same structure at different scales. An image is reduced by the same factor in all directions for self-similarity; however, a self-affine fractal has a different scale factor for different directions. This unique feature of fractal geometry can provide additional flexibility in the antenna design, since, by selecting the scale factors appropriately, resonances can be spaced by different factors. The self-similar/self-affine properties of fractals such as the Sierpinski gasket [3] are thus seen to be useful in designing multi-frequency antennas.
As fractals constitute space-filling contours, electrically large features can be efficiently packed into small areas. Because the electrical length plays such an important role in antenna design, this packing efficiency is useful in developing viable miniaturization techniques. Using fractal geometries such as the Sierpinski carpet [4] in antenna design allows for reduction in metallization that enables current path lengthening; this in turn reduces the resonant frequency and therefore decreases the overall dimensions needed to resonate at the required frequency.
Miniaturized dual band antennas are generally complex structures that are often challenging to design. The proposed approach avoids the complexity of conventional designs, presenting instead a simple and effective approach to designing a multiband patch antenna at significantly reduced size. In this study, the second iteration of an inset-fed modified Sierpinski carpet containing perturbation and a small stub was etched onto a rectangular patch antenna in order to obtain a miniaturized dual band fractal patch antenna. The proposed antenna can operate at the unlicensed ISM (industrial, science, and medicine) central band frequencies of 2.45 and 5.8 GHz.
The remainder of the paper is organized as follows. Section 1 summarizes the various techniques adopted in previous research to obtain miniaturization and dual band functionality in patch and fractal antennas. Section 3.1 illustrates the fundamental concepts implemented in the proposed antenna design. A simulation procedure and its iterative design approach are demonstrated in Section 3.2. Simulation and fabrication results are discussed in Section 4. Finally, conclusions are provided in Section 5.
Related Works
Compact antennas represent an inevitable design step in accommodating the rapid growth of wireless applications. A number of methods have been suggested to reduce the size of microstrip antennas, including the use of high dielectric constant substrates [7] , modification of basic patch shapes, short-circuiting patches to the ground plane, the use of superstrates [8] , and several techniques combining these methods. The size of a circular microstrip disk antenna can be reduced by introducing slots into its surface; Yo et al. [9] were able to reduce the radius of a rectenna from 16.5 to 15.5 mm, yielding a 12% decrease in area. Etching a cross-shaped slot onto the surface of a square aperture coupled patch antenna enabled an area reduction of 32.5% in a rectenna [10] , while etching forty slits onto the perimeter of a two-port, meandered, square patch antenna (ten per side) yielded a 48% reduction in size [11] . The introduction of slits disturbs surface current flow, which in turn forces current meandering and, correspondingly, increases the electrical length of the patch antenna along both of its dimensions. The inclusion of two orthogonal pairs of irregular and asymmetric slits was proposed as a method to reduce the size of a square patch to 40% [12] , and an antenna composed of the interconnection of four corner patches alternating with four strips and a fifth central patch was able to attain a surface area reduction of 60% [13] .
The use of fractal geometry departs from these techniques by introducing a "non-Euclidean" method for reducing the size of a patch antenna. The purpose of using nonstandard geometry in an antenna is to increase its overall electrical length in order to lengthen its surface current paths and cause a shift in resonant frequency. Thus, by reducing the dimensions of the patch, it is possible to design a much more compact antenna for a given resonant frequency. Various fractal design integrations have been proposed to do this, including a microstrip antenna with an RO4003 substrate and Koch-shaped fractal defects on its patch surface [14] as well as a miniaturized microstrip antenna in which Sierpinski carpets are inserted into a single patch and the inner and outer edge are etched with Koch curves [15] . Jamshidifar et al. [16] introduced a miniaturized fractal butterfly patch antenna, and Shrestha et al. [4] presented an edge-fed, Sierpinski fractal-based patch antenna of significantly reduced size.
Traditional antenna structures operate within a single frequency band, with additional applications requiring the addition of new antennas. As such architecture limits available space and poses sitting problems, it is beneficial to use multiband antennas operating over many frequency bands in order to enable the simultaneous transmission of video, voice, and data information via a single antenna. Several techniques and approaches for implementing multiband antennas have been proposed, including frequency tuning by rotating a circular patch containing four distinct shapes, each of which corresponds to a different set of resonant frequencies [17] . A triangular, truncated-corner short-circuited antenna with a V-shaped slot for dual band operation (i.e., in the 2.5-2.55 and 3.4-3.7 GHz WiMax bands) was proposed by Singh et al. [18] , while Ali et al. [19] demonstrated that a square patch antenna containing two rectangular slots properly positioned along its diagonal can function as a dual band antenna in a rectenna assembly. Frequency diversity can be achieved by controlling the electrical length through the switching of pin diodes on the U-slot of a corner-truncated square patch antenna [20] .
The self-similarity/self-affinity characteristics of fractal geometry can also be applied in the design of multiband antennas. A square microstrip patch antenna embedded with modified Sierpinski gasket slots allowed for enhanced miniaturization of a dual-frequency system [21] , while a dual wideband, coplanar waveguide (CPW) fed modified Koch fractal printed-slot antenna containing a simple tuning slot that is suitable for WLAN and WiMax operation was proposed by Krishna et al. [22] . A novel dual band fractalshaped microstrip antenna for RFID applications designed to cover ISM band frequencies (2.45 and 5.80 GHz) was presented by Ghalibafan and Kashani [23] . Finally, Bisht and Kumar [24] demonstrated that a circular patch antenna with fractal patterns can produce dual band operation for C-band applications.
Antenna Design
Current wireless applications have challenged antenna designers with demands for low cost, high performance, easily fabricated compact multiband antennas with simple radiating elements, and signal feeding configurations. These results can be obtained by designing a modified, inset-fed Sierpinski carpet patch antenna.
Fundamental Concepts

Design Specifications.
The three essential parameters for the design of a patch antenna are the resonant frequency, ; the dielectric constant of the substrate, ; and the thickness of the substrate, ℎ. Dual design frequencies of 2.45 and 5.8 GHz are chosen here because they require low-cost components, are located in the ISM band, and experience extremely low attenuation through the atmosphere. The proposed antenna fulfils the requirements of the 2.45 and 5.8 GHz ISM bands for RFID and other wireless applications. The design specifications of the fractal patch antenna are listed in Table 1 .
Rectangular Patch Design.
A rectangular microstrip patch antenna is taken as the generator of the fractal antenna. The most popular models for the analysis of microstrip patch antennas are the transmission line model, cavity model, and full-wave model (which include primarily integral equations/moment method). As the transmission line model is the simplest of these and provides a good deal of physical insight, it is adopted as the design method for the proposed antenna. In essence, the transmission line model represents a microstrip antenna as two slots, each of width and Thus, the microstrip is essentially a nonhomogeneous line of two dielectrics-typically, the substrate and the surrounding air. The patch dimensions are calculated by following the simplified formulation of the transmission line model [25] . The width of the antenna is determined to be
where , , , and 0 are the width of the patch, the resonant frequency, the dielectric constant of the substrate, and the speed of light in vacuum, respectively. The effective dielectric constant can be obtained from
where eff is the effective dielectric constant of the substrate. The fringing effect causes the length of the patch at each end to be extended by distance Δ given by
where ℎ is the height of the substrate. The actual length of the patch is given by
where 0 and 0 are the vacuum permeability and permittivity, respectively.
Feeding Techniques.
Antenna performance depends largely on the feeding technique and the location of the optimum feed point. Microstrip line or coaxial probe feeding is widely used in single layer antenna design because these types of feed are easy to design and fabricate. Impedance control in microstrip feeding can be obtained by either edge feeding, inset feeding, or feeding through an additional matching network called a quarter-wave transformer; in this study, microstrip line feeding with an inset feed is used. An inset feed introduces a physical notch that in turn produces junction capacitance. Together, these influence the resonance frequency; as the inset feed point moves inward from the edge, the frequency decreases monotonically, reaching zero at the centre. The input impedance of an inset-fed microstrip patch antenna depends mainly on the inset distance (length of the notch) and, to a lesser extent, on the inset width (width of the notch), while the resonant frequency is much more affected by variations in the inset width than in the inset length [26] . The inset distance can be calculated using
where 50 , inp , and 0 are the 50 Ω resistance and input impedance of the antenna and the inset distance, respectively.
Ground Plane Dimensions.
Although the transmission line model is in theory only applicable to infinite ground planes, for practical considerations, a finite ground plane is used. In order to obtain results similar to those obtained using an infinite ground plane, the size of the ground plane should be greater than the patch dimensions by approximately six to twelve times the substrate thickness. Accordingly, the ground plane dimensions are given by
where and are the length and width of the ground plane, respectively.
For the proposed design, (8) is used to calculate the width of the ground plane, while the length of the ground plane is modified using (9) below to obtain better antenna performance:
Here, is the length of the feed.
Fractal Iterations.
The structure developed in this work consists of a simple fractal structure Sierpinski carpet etched onto a rectangular patch antenna using a conventional rectangular geometry as the generator of the fractal iterations. To build the fractal pattern, the patch is divided into nine smaller congruent rectangles, the central rectangle is then removed, and a similar procedure is followed in subsequent iterations for the remaining rectangles. As each iteration is added, an area of the radiating patch is removed. The iterative process is based on the following rule:
,
where is the number of rectangles covering the radiating material, is the length of the squares removed in each iteration, and is the area of the radiating patch remaining after each iteration. 
Simulation Procedure.
The antenna was simulated using the finite-element-method-(FEM-) based Ansoft high frequency structure simulator (HFSS) Ver.10, a high-performance full-wave EM field simulator of arbitrary 3D volumetric passive devices based on a Microsoft Windows graphical user interface. As discussed above, miniaturization of fractal structures involves the process of removing parts from a basic structure; in the proposed design, this removal procedure is performed in an iterative manner.
Iterations of a Sierpinski carpet microstrip patch antenna (SCMPA) performed up to the third order are explained in [4] , which shows that antenna performance in terms of reflection loss, impedance matching, and antenna gain remains nearly constant in the first through third iterations. However, while the second iteration experiences the same percentage of size reduction as the third iteration, it is structurally less International Journal of Antennas and Propagation 5 SCMPA designed up to 3rd-order [4] . 2nd and 3rd-order have similar size reduction but 2nd-order has less complicated design.
2nd-order SCMPA is single band and contains harmonics.
Edge-fed changed to inset-fed:
(1) Harmonics removed.
Perturbation added at corner:
(2) But no impedance match.
Stub added at the feed line:
good impedance matching at both frequencies.
(1) Higher frequency is at 5.8 GHz.
it operates at 2.45 GHz and 5.8 GHz with complicated [4] . An efficient rectenna with a second-order SCMPA is described in [27] . In the proposed design, the second fractal iteration of a Sierpinski carpet is modified to produce a dual band antenna. The workflow diagram explaining the iterative design approach is shown in Figure 2 . The feeding configuration of the second-order SCMPA changed from edge-to inset-fed is shown in Figures 1(a)  and 1(b) , respectively, with one of the fractal carpet sections replaced by the inset notch shown in Figure 1(b) . By introducing this inset, unwanted harmonics are removed; the return losses of the edge-and inset-fed second-order iterated edgefed Sierpinski fractal antennas are shown in Figure 3 .
The return loss of inset-fed antenna shows frequency dips at 2.45 and 6.04 GHz, where unwanted harmonics have been removed without using an additional filter component. However, as the higher frequency is still not equivalent to our objective of 5.8 GHz, the SCMPA requires further modification in the form of perturbation added to the corner of the patch. Although this changes the higher frequency to 5.8 GHz, the impedance match is not improved, and therefore a small stub is added to the feed line. In order to show resonance at 2.45 and 5.8 GHz with fine impedance matching, the simulation procedure required a number of parametric analyses, the results of which are shown in the final dual band miniaturized antenna structure in Figure 4 (with units of length in millimetres). This dual band antenna is 25.98% smaller than its conventional rectangular patch counterpart. 
Simulation and Measured Results
The designed dual band antenna through the process above is fabricated on an FR4 substrate ( Figure 5 ). In this section, the performance of the proposed antenna is demonstrated through its simulation and measured result. The simulation result in terms of return loss, Smith Chart, voltage standing wave ratio (VSWR), radiation pattern, and impedance versus frequency curve is exhibited and the measured result in terms of return loss, Smith Chart, and VSWR is illustrated to verify the simulation result.
Measurements of return loss, Smith Chart parameters, and VSWR for fabricated antenna were carried out using an Agilent Network Analyser, N5230A. SubMiniature version A (SMA) connectors were used to interface with the network analyser.
The simulated and measured return loss (S 11 versus frequency) is shown in Figure 6 . The simulated antenna resonates at 2.45 and 5.8 GHz, with respective return losses of 35.52 and 39.6 dB and impedance bandwidths of 60 and 200 MHz, respectively. The fabricated antenna resonates at 2.45 and 5.76 GHz with respective return losses of 21.2 and 18.22 dB and impedance bandwidths of 50 and 120 MHz, respectively. The percentage bandwidth of an antenna is defined by
where is the resonance frequency, and max and min are determined at −10 dB. At 2.45 and 5.8 GHz, the simulated bandwidth percentages of the dual band modified SCMPA are 2.44% and 3.44%, respectively. The measured bandwidth percentages at 2.45 and 5.76 GHz are, respectively, 2.04% and 2.08%.
To enable an efficient transfer of energy, the impedance of the antenna must match that of the transmission cable. In antenna design, the basic objective is typically to obtain transmission line impedance of 50 Ω in order to match that of the antenna; in the case of mismatch, an impedance matching circuit is required. Figure 7 shows a Smith Chart plotting the reflection coefficient that shows the simulated scattering parameter of the designed antenna at 2.45 and 5.8 GHz. Because the reflection coefficient corresponds directly to impedance, this Chart is equivalent to a plot of the impedance; 2.45 and 5.8 GHz can be found at the centre of the Chart, indicating that, at these frequencies, the antenna has zero reflection coefficients and is perfectly matched. The Smith Chart obtained through fabricated antenna is shown in Figure 8 . Figure 9 shows the simulated impedance versus frequency curve. The real component of impedance ( ) is nearly equal to 50 Ω and an imaginary component of around 0 ∘ at both frequencies. Together, Figures 7 and 9 show that good International Journal of Antennas and Propagation impedance matching is obtained in both the frequency bands even when the size is reduced through fractal geometry.
The VSWR characteristics of the designed antenna fall into the range of 1-2 for both simulated and fabricated antenna; from Figure 10 , these can be seen to be 1.03 and 1.02 at 2.45 and 5.8 GHz, respectively, for simulated antenna and 1.108 and 1.191 at 2.453 GHz and 5.78 GHz, respectively, for fabricated antenna.
The far-field simulated radiation patterns at the respective resonance frequencies are given in Figures 11(a) and 11(b) , which show maximum simulated gains of 2.7 and 2.7 dB at 2.45 and 5.8 GHz, respectively. The presented radiation pattern corresponds to linear polarization. The red curve in the radiation pattern is for phi = 0 ∘ which is plane ( plane) and the blue curve is for phi = 90 ∘ which is plane ( plane). A comparison between the simulated and measured outputs is provided in Table 2 . The measured higher frequency is shifted slightly in frequency versus the S11 curve from the simulation; however, the measured lower frequency is exactly 2.45 GHz. The measured impedance bandwidth and bandwidth percentage are also similar to the simulation results.
In the Smith Chart, the measured resonant frequencies are shifted to 2.47 and 5.73 GHz, as shown in Figure 8 . The difference seen in between simulated and measured Smith Chart is because of the measurement carried out in the open environment and environmental effects have degraded the performance. If the measurement is carried out in anechoic chamber, then better performance can be obtained. The deviations are also partly attributed to inaccuracies in the antenna manufacturing process. As shown in Figure 10 , the measured frequency in the VSWR graph is slightly shifted; nevertheless, its value is still between 1 and 2. Thus, the deviations observed between the simulated and the measured results are minor and can be attributed to environmental effects and antenna manufacturing process.
Conclusion
This study produced a modified Sierpinski fractal-based microstrip patch antenna for a rectenna with a significantly reduced size that can operate at two frequencies, 2.45 and 5.8 GHz. Owing to the space-filling nature of fractal geometry, a second-order fractal iteration effectively reduced the size of the antenna, while fractal self-similarity was used to generate two resonating frequencies, although the higher frequency of the initial design was not at the desired 5.8 GHz.
To correct this, perturbation was added to shift the higher frequency resonance to 5.8 GHz, and a stub was added to the feed line to obtain fine impedance matching at both frequencies. The designed antenna has a simulated return loss greater than 35 dB and good impedance matching at both frequencies. Simulated gains of 2.7 and 2.7 dB were attained at 2.45 and 5.8 GHz, respectively, and an overall antenna size reduction of 25.98% was obtained. The dual band antenna was then fabricated on an FR4 substrate to verify simulation results. Although deviations between fabricated and simulated results occurred owing to environmental conditions and manufacturing inaccuracies, these were slight and, on the basis of the overall results, it can be concluded that applying fractal geometry to a patch antenna is a simple and effective technique for developing multiband antennas of minimal size. To obtain higher gain, the proposed design can be etched onto other substrates with lower permittivity, such as Teflon. Furthermore, an arrayed fractal antenna can be designed to increase overall gain, and a stacked Sierpinski carpet fractal antenna can be designed to obtain a wider bandwidth than a single antenna. Such antennas can be integrated with a rectifier circuit generating rectennas in order to harvest RF energy at dual frequencies.
